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APPARATUS AND METHODS FOR
DECODING A COMMUNICATION SIGNAL

TECHNICAL FIELD OF THE INVENTION

The present i1nvention relates generally to signal
processing, and 1n particular to apparatus and methods for
decoding a communication signal.

BACKGROUND

Data communication has been with us for a long time.
Smoke signals, drum beats, horn and bugle calls, and the
telegraph, are all traditional examples of communication
systems. More contemporary systems include the conven-
tional telephone, and more recently, the computer network.
The effectiveness of any traditional or contemporary system
to communicate i1nformation 1s related to the particular
system’s ability to overcome two obstacles, namely, inter-
ference and noise.

Interference occurs when a desired signal and one or more
unwanted signals are received at or near the same time.
Interference causes the desired signal to be incorrectly
received due to the reception of the unwanted signal. For
example, assume that A and B are communicating with one
another by beating their respective drums. While A and B
communicate, C begins beating 1ts drum. C’s signals are
received by A and B causing their communication to be
partially, or even completely, meaningless. C’s signal 1s said
to interfere with the communication between A and B.
Interference therefore 1s the presence of at least one
unwanted communication signal which interferes with the
reception of a desired communication signal.

Noise, on the other hand, 1s another disturbance intro-
duced 1nto a communication system which 1s not an inter-
fering signal. Noise may partially, or completely, distort or
cgarble the information content of the desired signal. To
continue with the above example, assume that while A and
B are communicating, a {reight train passes between them.
The noise from the freight train at least partially disturbs A’s
and B’s communication. Noise therefore 1s any disturbance
that affects a desired communication signal and 1s not an
interfering signal. The static received during a telephone call
1s another example of noise.

Contemporary computer network and telephone systems
have traditionally been “wired” communication systems. In
other words, each computer or telephone 1s physically joined
with one or more other computers or telephones using a
wire, fiber optic cable, or another suitable communication
medium. Each computer, group of related computers, or
telephony system 1s referred to as a node within these
communication systems. A node 1s a junction point within a
communication system.

Wireless communication between the nodes of commu-
nication systems 1s becoming increasingly widespread. As a
result of this increased ubiquity, an ever increasing number
of people are communicating using wireless signals, and
thereby increasing the potential for interference. In cellular
telephony systems for example, it 1s common for two people
located relatively close to one another, and who are involved
1In two separate conversations, to interfere with one another’s
communication signal.

Conventional attempts to solve this problem include with-
out limitation, modeling interference as noise and using
error control coding to mitigate the effects, implementing
systems with multiple antennas, and using power control to
limit the effect of spatially distant nodes utilizing the same
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transmission frequency. These solutions however fail to
address the fundamental 1ssue, namely that interference 1s
caused by another user, 1in turn causing less than optimal
decoding of received signals. This results 1 performance
degradation. The 1nability of conventional solutions to sub-
stantially eliminate the effects of interference and noise
remain a dominant obstacle to producing cost-effective and
more commercially successiul products.

SUMMARY OF THE INVENTION

Broadly, the present invention is directed to apparatus and
methods for adaptively decoding communication signals.
The principles of the present invention may accordingly be
implemented 1n, or utilized 1n conjunction with, any suitable
communication and/or signal processing system. Exemplary
communication systems include without limitation, tele-
phony systems (including videophone and cellular
technologies), processing system networks (including local
and wide area networks), direct television systems, satellite
systems, land-mobile radio systems, broadcast systems, data
storage and retrieval systems, and the like.

An apparatus for adaptively decoding communication
signals 1n accordance with the principles of the present
invention preferably includes receiving and processing
means. The receiving means operates to receive an 1nput
signal that represents a communication between a first node
and a second node. The mput signal includes a desired data
signal and at least one interfering signal. The desired data
signal 1s encoded using a combination code, and preferably
includes at least a first data set. The processing means
operates to decode the input signal to produce an output
signal. The output signal represents the desired data signal.

The processing means, more particularly, i1dentifies at
least a portion of the desired data signal within the 1nput
signal, preferably by recognizing and utilizing the first data
set. The processing means then 1solates the desired data
signal from the one or more interfering signals to produce
the output signal. An important aspect of any apparatus 1n
accordance with the present invention 1s that 1t may be
processing system, firmware or hardware based.

A method 1n accordance with the principles of the present
invention concerns the adaptive decoding of communication
signals. The method includes the steps of receiving,
identifying, suppressing and producing signals. More
particularly, an input signal representing a communication
between a first node and a second node 1s received. The input
signal includes a first data set and a second data set, wherein
at least the first data set 1s encoded 1n either a linear or an
algebraic combination code format, and preferably includes
at least a first data subset. At least a portion of the first data
set 15 1dentified, preferably by recognizing and utilizing the
first data subset. The 1dentified first data set 1s suppressed
with respect to the second data set. An output signal repre-
senting the first data subset 1s produced.

One embodiment for using and/or distributing the present
invention 1s as software. The software includes a plurality of
processing system instructions which are stored to a con-
ventional storage medium. The processing system instruc-
fions are readable by a processing system. The processing
system 1nstructions, upon execution, operate to control at
least one processing system to cause 1t to adaptively decode
a received mput signal representing a communication 1n
accordance with the present invention. Preferred storage
media include without limitation, magnetic, optical, and
semiconductor, as well as suitably arranged combinations
thereof.
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The processing system 1nstructions cause the processing,
system to store the received input signal. The mput signal
includes at least two signals. A first data signal 1s encoded 1n
cither one of a linear or an algebraic combination code
format, and includes at least a first data set. At least a portion
of the first data signal 1s 1dentified, preferably by recognizing
and utilizing the first data set, and 1solated with respect to
one or more remaining interfering signals within the 1nput
signal. An output signal representing the first data signal 1s
produced.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
invention, and the advantages thereof, reference 1s made to
the following Detailled Description of the Invention, taken 1n
conjunction with the accompanying drawings in which like
numbers designate like parts, and 1n which:

FIGS. 1a and 1b 1llustrate block diagrams of exemplary
communication systems;

FIG. 1c illustrates a block diagram of an exemplary digital
data receiver;

FIG. 2 illustrates an 1sometric view of one 1llustrative
processing system which may be programmed to adaptively
decode wireless communication signals 1n accordance with
the principles of the present invention;

FIG. 3 1illustrates a block diagram of one exemplary
microprocessing system which may be utilized in conjunc-
tion with the illustrative processing system of FIG. 2;

FIG. 4 1illustrates a flow diagram of one exemplary
process for decoding a wireless communication 1n accor-
dance with the principles of the present invention;

FIG. 5 illustrates a conceptual diagram of a frame syn-
chronous transmission;

FIG. 6 illustrates a block diagram of a linear combiner for
an R=1/2 repetition code;

FIG. 7 illustrates a block diagram of a linear combiner for
an R=1/N repetition code;

FIG. 8 1llustrates a block diagram of a linear combiner for
an R=2/3 repetition code;

FIG. 9 1illustrates a trellis diagram of an exemplary
realization of a (8,4) Hamming Code;

FIG. 10 illustrates a concatenated code consisting of a
R=1/2 mner code and a R=3/4 outer code; and

FIG. 11 1illustrates a block diagram of a linear combiner
for an (8,3) sub-code of the (8,4) Hamming Code.

DETAILED DESCRIPTION OF THE
INVENTION

FIGS. 1a and 1b 1llustrate block diagrams of exemplary
communication systems. In FIG. 1a, a conventional tele-
phone communication system 1s presented wherein a pro-
cessing system 100 1s used to facilitate communication
between a first node 101 and a second node 102. The first
node 101 includes a first caller 103, shown utilizing a
cellular telephone 104. The cellular telephone 104 1s oper-
able to send and receive wireless communication signals.
The second node 102 includes a second user 105, shown
utilizing a conventional telephone 106. The conventional
telephone 106 1s operable to send and receive wired com-
munication signals. The exemplary processing system 100,
illustrated as a mainframe computer, 1s coupled with the
conventional telephone 106 and a suitably arranged antenna
107. Antenna 107 operates to send and receive wireless
signals to and from the cellular telephone 104.
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In FIG. 1b, a conventional wireless communication Sys-
tem 1S presented wherein a first node, processing system
1004, 1s communicating with a second node, processing
system 100b. The exemplary processing systems 1004,
1005, illustrated as personal computers, are each coupled
with a suitably arranged antenna 1074 and 107b, respec-
tively. Processing systems 100a and 1005 utilize wireless
communications via antennas 1074 and 107b, respectively,
to communicate.

Computer networks may be implemented locally 1n local
arca networks (“LANSs”), or alternatively, in wide area
networks (“WANSs”) wherein particular nodes are located
relatively distant from one another. An intermediate pro-
cessing system, such as processing system 100 1n FIG. 14,
may be used to facilitate communications therebetween.

Inclusion of the exemplary communication systems of
FIGS. 1a and 1b 1s for illustrative purposes only. The
techniques for decoding communication signals 1n accor-
dance with the present invention may be used in conjunction
with any suitably arranged communication system operable
to receive communication signals, whether wired or wire-
less. Exemplary communication systems accordingly
include, without limitation, telephony systems (including
videophone and cellular technologies), direct television
systems, processing system networks (including local and
wide area networks), satellite systems, land-mobile radio
systems, data storage and retrieval systems, and the like. In
particular, the present invention 1s particularly advantageous
when ufilized 1n conjunction with wireless and optical
communication signals.

FIG. 1c illustrates a block diagram of an exemplary digital
data recerver 1n accordance with the principles of the present
invention. The exemplary receiver may be implemented
within any device suitable for receiving and processing a
wireless communication, including without limaitation,
radios, satellites, telephones, videophones, televisions and
processing systems.

The exemplary receiver includes, for illustrative
purposes, a conventional antenna 107, a demodulator 108, a
matched filter 109, a de-interlacer 110 and a decoder 111.
Conventional antenna 107 operates to receive a wireless
communication generated by a suitably arranged conven-
tional transmitter (not shown), and in response thereto, to
produce a modulated signal. The modulated signal 1s input
to demodulator 108, which demodulates the signal. The
signal 1s 1mput to matched filter 109, which operates to
remove noise that 1s outside a particular bandwidth of
interest. The sampled outputs of the matched filter, which
were preferably sampled at a particular mstant in time and
preferably at once per data symbol duration, are mput to
de-interlacer 110, which 1s operable to convert an interlaced
signal to 1ts original form. The signal 1s input to decoder 111
which 1s operable to adaptively decode the received signal to
generate an output signal representing a desired data signal.

FIG. 2 1illustrates an 1sometric view of an 1llustrative
processing system, a personal computer 100, which may be
programmed to adaptively decode a received input signal to
generate an output signal representing at least one data
signal 1n accordance with the present invention. The 1nput
signal 1s representative of a communication between at least
two nodes of a communication system. Both the mnput and
output signals are real-physical signals. The output signal 1s
representative of at least a portion of the processed input
signal.

Personal computer 100 includes a hardware casing 201
(illustrated having a cut-away view), a monitor 204 and a
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keyboard 205. In accordance with the 1llustrated
embodiment, monitor 204 and keyboard 205 may be
replaced by, or combined with, other suitably arranged
output and mput devices, respectively. Hardware casing 201
includes both a floppy disk drive 202 and a hard disk drive
203. Floppy disk drive 202 1s operable to receive, read and
write to external disks. Hard disk drive 203 is operable to

provide fast access data storage and retrieval.

Floppy disk drive 202 may be replaced by or combined
with any suitably arranged structure for receiving and trans-
mitting data, including without limitation, tape and compact
disc drives, and serial and parallel data ports. An important
aspect of the exemplary embodiment 1s that data collection
and processing need not occur coincidentally. For example,
large data transfers, such as those often associated with
communication and processing system networks, may be
received, stored and later decoded.

A processing unit 206 1s 1llustrated within the cut away
portion of hardware casing 201. Processing unit 206 1s
coupled with a memory storage device 207. Memory storage
device 207 may be any suitable memory storage device,
such as, a random access memory (“RAM”) or a read only
memory (“ROM”), to name two examples. Although per-
sonal computer 100 1s shown having a single processing
unit, a hard disk drive and a memory unit, personal computer
100 may be equipped with a plurality of processing units
and/or suitably arranged memory storage devices, or suit-
able combination thereof, operable to cooperatively carry
out the principles of the present invention.

Although personal computer 100 1s utilized to illustrate
one exemplary processing system, the principles of the
present 1nvention may be implemented within any process-
ing system having at least one processing unit and a means
for recerving an 1nput data signal representing a communi-
cation between at least two nodes, including without
limitation, radio and broadcast devices, telephony devices,
sophisticated calculators, and hand held, laptop/notebook,
mini, mainframe and super computers, including RISC and
parallel processing architectures, as well as processing sys-
tem network combinations of the foregoing. Conventional
processing system architecture 1s more fully discussed in
Computer Organization and Architecture, by William

Stallings, MacMillan Publishing Co. (3rd ed. 1993), which
1s incorporated herein by reference.

Alternate exemplary embodiments may be implemented
in firmware or hardware, including without limitation, suit-
ably arranged circuitry such as programmable logic devices,
including without limitation, PALs (programmable array
logic) and PLAs (programmable logic arrays), DSPs (digital
signal processors), FPGAs (field programmable gate arrays),
ASICs (application specific integrated circuits), and the like.

FIG. 3 illustrates a block diagram of an 1illustrative
microprocessing system, including a processing unit and a
memory storage device, which may be utilized 1n conjunc-
tion with personal computer 100, or any other processing
system. The microprocessing system includes a single pro-
cessing unit 206 coupled via data bus 303 with a single
memory storage device 207, such as the RAM or ROM
discussed 1n conjunction with FIG. 2, for example. Memory
storage device 207 1s operable to store one or more process-
ing system 1nstructions which processing unit 206 1s oper-
able to retrieve and execute. Exemplary processing unit 206
includes a control unit 300, an arithmetic logic unit (“ALU”’)
301, and a local memory storage device 302, such as,
stackable cache or a plurality of registers, for example.
Control unit 300 is operable to fetch one or more processing
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system 1nstructions from memory storage device 207. ALU
301 1s operable to perform a plurality of operations, includ-
ing addition and Boolean AND needed to carry out those
instructions. Local memory storage device 302 1s operable
to provide local high speed storage used for storing tempo-
rary results and control information.

FIG. 4 1illustrates a flow diagram of one exemplary
process for decoding communication signals 1n accordance
with the principles of the present invention wherein time
diversity techniques are preferably used to suppress inter-
fering signals. Time diversity i1s preferably achieved using
combination codes, such as algebraic or linear combination
codes, for example. An exemplary algebraic combination
code 1s discussed with reference to FIGS. 9-11.

Linecar combination codes are obtained by appending
parity check symbols to data symbols. The parity check
symbols are linear combinations of one or more of these data
symbols. Repetition codes are the simplest of such codes,
and are obtamned by repeating the data symbols multiple
times. The fraction of the transmitted symbols that are parity
check symbols 1s a measure of bandwidth efficiency of the
code. The lower the fraction, the higher the efficiency. Other
codes, however, may be more eificient than the simple
repetition code. A parity check linear combination code for
example, which attains a bandwidth expansion of zero as the
code length tends to infinity, operates to suppress one
interfering signal. Other exemplary combination codes will

be discussed 1 greater detail momentarily with reference to
FIGS. 5-8.

It should be noted that the techniques for utilizing time
diversity to suppress mterfering signals 1n accordance with
the present invention may be used to complement conven-
fional antenna diversity techniques. Antenna diversity tech-
niques 1mnvolve the use of multiple antennas at the receiver
and/or transmitter for receiving or transmitting a signal,
respectively. Antenna diversity may be obtained in the form
of space diversity or polarization diversity, for example.
Antenna diversity techniques are known, and may be
available, for example, at a digital data receiver, such as the
recerver 1llustrated 1 FIG. 1c.

The exemplary process begins upon reception of an 1nput
signal, i1nput/output block 401. The 1input signal 1s
representative, at least in part, of a communication between
a first node and a second node. The input signal 1s a real
physical signal. Recall that the communication between the
first and second nodes may be direct, or indirect, such as that
illustrated and discussed with reference to FIGS. 14 and 15b.
The mput signal preferably includes a first data signal and at
least a second data signal. The first data signal includes at
least one data set or code, such as a combination code. One
exemplary linear combination code 1s a channel code, which
more particularly introduces controlled redundancy into the
sequence of transmitted data symbols. The introduction of
controlled redundancy facilitates the reliable recovery of the
transmitted information data symbols in the presence of
interference and/or noise.

The various symbols which comprise the data subset are
preferably subject to substantially independent fading. Inde-
pendent fading as used herein 1s achieved by transmitting the
data symbols relatively far apart 1n time or by transmitting
the data symbols 1n un-correlated frequency bands. The
foregoing may be accomplished using conventional
techniques, including without limitation, interleaving/
deinterleaving, frequency hopping and combinations
thereof, for example.

At least a portion of a first data set, which preferably
includes a training sequence, 1s recognized, processing block
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402. The training sequence 1s preferably either a first portion
or subset of the first data set, or maybe a separate data set.
The second data set would precede at least a second data set.
The second data set would represent an actual communica-
tion between the first and second nodes. The training
sequence preferably 1s a known pattern of data symbols
which 1s recognizable by a receiver, such as the exemplary
digital data receiver of FIG. 1c¢. The training sequence may
operate as a protocol, indicating one or more of the presence
of the first data signal, the first data signal’s frequency, and
synchronization, for example. In alternate embodiments, the
training sequence may include other suitable information.

At least a portion of the training sequence 1s used to
generate a plurality of taps, processing block 403. A tap as
used herein 1s a value, such as a complex value, which may
be applied to the 1nput signal to suppress any interfering,
signal and/or noise. Recall that noise 1s any disturbance that
clfects the communication signal which 1s not an interfering
signal, such as the static heard during a telephone call.

The training sequence, and i1n particular the taps, 1s
utilized to 1dentify the first data signal within the input
signal, processing block 404. Tap generation 1s preferably
accomplished using an adaptive algorithm, such as a recur-
sive least squares algorithm, for example. This algorithm
may be used to force the output of a combiner to a desired
signal as determined by the training sequence. In other
words, the algorithm uses the fixed training sequence to
discern how the first data signal and the interfering signal are
combined, 1.¢., the manner in which the first data signal may
be separated from the interfering data signal. An exemplary
algorithm 1s discussed 1n “Square Root Kalman Filtering for
High Speed Data Received over Fading Dispersive HF
Channels”, by F. M. Hsu, IEEE Trans. Inform. Theory, Vol.
[T-28, No. 5, pp 753-763 (September 1982), which is

incorporated herein by reference.

The first data signal 1s preferably 1solated with respect to
the second data signal, or if more than one interfering signal
remains, with respect to the remaining interfering signals,
processing block 4035. Isolate as used herein shall include
without limitation, divide, filter, part, partition, section,
segregate, separate, sever, sort, and the like, or combinations
thereof. Particular ones of the plurality of taps are preferably
used to substantially eliminate the effect of interference
and/or noise on the first data signal. Exemplary 1dentifica-
fion and 1solation steps will be discussed 1n greater detail
momentarily.

An output signal 1s generated, processing block 406. The
output signal 1s a real physical signal and represents at least
a portion of the first data signal.

In alternate embodiments, the present invention adap-
tively differentiates between particular ones of a plurality of
available linear or algebraic combination codes or patterns
within which the first data signal i1s received. This 1s an
important advantage when considering that more complex
linear channel codes are preferred when the likelihood of
multiple interfering signals 1s higher. Consider for example
the utilization of a cellular telephone on a city street corner.
It may be presumed that the number of signals interfering
with the reception of a desired signal will be relatively
higher during the day as compared with the number of
interfering signals during the night. The ability of a data
receiver or a processor to adaptively decode a received 1nput
signal provides the flexibility to receive signals using vari-
ous combination codes.

The reception and recognition of an input signal trans-
mitted using a particular combination code or pattern 1is
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preferably accomplished by a handshake between the trans-
mitter and the receiver during call set up. A base station
preferably has knowledge of the current usage, and may
accordingly request/instruct a node to use a particular com-
bination code to suppress substantially all dominant inter-
ferers. The training sequence 1s preferably designed in
accordance with the chosen combination code and 1s used to
identify the appropriate tap settings 1in accordance with the
principles of the present invention.

Turning to FIG. 5, there 1s 1llustrated a frame synchronous
transmission. A simple R=1/2 repetition code 1s considered
wherein the code symbols are one of M possible values, 1.¢.,
an M-ary signal. Note that slots 1 and 2 carry the same data
symbol D at the 1-th symbol position 1n each slot, and that
an interferer, I, transmits using the same code. The data
packets 1 this example are transmitted along independent
fading channels. This 1s preferably accomplished either by
transmitting the data packets far apart in time (or frequency)
or by making use of multiple transmit antennas separated
sufliciently and transmitting the packets in an orthogonal
manner. Generally, if the channels are not independent, then
performance may degrade depending upon the correlation
between fades. The present scheme functions in the absence
of fading using independent transmission.

The interferer channels are preferably assumed not only
independent of one another but also independent from the
desired transmission because the exemplary interferer 1s not
co-located with the desired signal. The channels over which

the data packets are transmitted are assumed non-frequency
selective, and 1deal coherent demodulation 1s assumed at an

1deal sampling 1nstant corresponding to a device data sym-
bol D (in slots 1 and 2). The received signal is given by

r,_.D+b,I, and

r.=a,D+b,l,
wherein r1; 1s the received sample in slot j at the sampling
instant, D 1s the desired data symbol, and I 1s the value of an
interfering signal, both D and I are given at the sampling
instant. In general, I need not be a data symbol since only
frame synchronization and not symbol synchronization is
assumed. a,, a,, b, and b,, are channel gains, which are

preferably modeled as slow-varying complex (Gaussian
variates, although this 1s not necessary.

In accordance with the FIG. 4 process, the received
signals are linearly combined as shown 1n FIG. 6 to yield a
decision statistic. Two linear combiner coefficients gl and
o?2 are chosen so that the interference at the output of the
combiner 1s driven to zero and yields an output equal to the
desired data symbol, D. Solving for I 1in one of the preceding
equations and substituting 1n the other equation, yields,

g1+ g =D,

wherein

b,
1= bziﬁll — blﬂz ’

b
52 = bray —byay

and

Choosing combiner tap weights substantially equal to g, and

o, causes the interference to be eliminated 1n the absence of
any additional disturbance, 1.e., noise. In the presence of
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noise, the mean squared error between the combiner output
and D, 1.e., g, and g,, 1s preferably minimized such that

E|g ri+gor>=D|”

1s minimized. g, and g, are preferably chosen therefore such
that:

N

2
Z \g171u + g212 — Dy
i—1

1s minimized wherein D, for 1=1, . . . )N, 1s a training
sequence of length N, D. 1s the 1th training symbol, and r;;,
and r,. are the corresponding received symbols.

The tap weights are preferably derived during the pro-
cessing of the training sequence, where a known data
sequence 1s received as previously discussed. For example,
a known sequence of data symbols 1s preferably attached,
appended, mserted or the like as a header. In other words, g,
and g, are computed using knowledge of the desired data
sequence.

Assuming for example that there are N-1 interferers at the
ideal sampling instant. It should be noted that a repetition
code of length N may generally be used, and the received
sample 1n time slot m 1s defined by:

v =a, D+b

sl

‘{1+' - bm?N_]_IN_lm:j_: - ey M

whereimn D 1s the desired data symbol, I, . . ., I, are the
interfering symbols, and a,,, b,, ;, for1=1, . . . , N-1, are the
complex gains affecting each of the m™ transmitted data
packets. The zero forcing solution 1s found by finding a set
of tap-weights, ¢., . . . , g, which are a solution to:

-
23 4% . Uy ) _
g1 ||0©
by 1 by | . by .
. " G 2
| &N .
by banor oo Dyv-or | )

wherein the resulting output 1s equal to the desired data
symbol D.

Turning to FIG. 7, there 1s 1llustrated the combiner for the
R=1/N repetition code. Note that the use of this repetition
code results generally 1n a rate decrease by a factor of N. For
small enough N, such as N=2, this rate decrease can be
recovered completely by squaring the size of the signal
constellation. It should be noted that i1n particular
applications, the effect of interference suppression may be
used to 1improve frequency reuse.

Consider a linear combination code of (N-1)/N, wherein
N equals 3. The R=2/3 code 1s formed by taking two data
symbols D, and D, and forming a third data symbol D, +D,.
It 1s assumed that a single interferer 1s present. The interferer
also transmits I,, I, and I,+I,. It 1s again assumed for
1llustrative purposes that the three data symbols, D, D, and
D.+D,, and the three mterfering symbols, I,, I, and I,+1,,
are transmitted along independent channels. The resulting
received symbols are

r,=a;D;+b,1;,

r.=a.D,+b,l,, and

ry=a5(D,+D,)+b,(1,+L,),
wherein a,, a,, a5, b,, b,, and b, are complex path gains. The
three symbols are linearly combined to eliminate interfer-
ence. Solving for I, and I, in the first and second of the
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preceding equations, respectively, and then substituting the
resulting values 1nto the third equation yields,

g1 + 8o + 833 = gaDy + g5Ds,
wherein

b3

(ayby —azby)’

g1

byb
2= bzbgﬂl — ﬂgblbz a
b
g3 = ;
(a3b) — b3ay)
g4 =1, and
by (arb3 — bras)
g5 =

by bya; —azb;

In. p}‘actice, 21, 825 835 84 and gs are d(-f:termi.ned by trans-
mitting a training signal. The training signal i1s of the form
D,;}._ Y which is transmitted along the first channel,
D,;}._~, which is transmitted along the second channel,
and {D,+D,;},_;¥ which is transmitted along the third
Chagnql. The decoder computes g,, ¢,, g5, g, and g. to
minimize

N
Z (g171; + 8ot + 8373 — gaD1i — gsDoi)”,
=1

i

wherein r,,, r,; and r5; are the 1th received symbols corre-
sponding to the transmission of D, ., D,. and D, +D,..

In accordance with equalization theory, g, ¢, and g, are
feed-forward taps, and g, and g. are feed-back taps. The
output of the feed-forward combiner 1s a linear combination
(coefficients g, and g.) of the transmitted data symbols D,
and D.,. For every pair of data symbols D, and D,, the
receiver forms the difference between the output of the feed

forward-linear combiner and the output of the feed-back
filter. The data pair resulting in the smallest error 1s selected
using a least squares criterion as previously discussed. When
using this criterion, 1t should be noted, that either g, or g 1s
preferably restricted to 1, otherwise the tap settings will
converge substantially to zero.

Assume for example that there are two receivers wherein
a first receiver has g, set to 1 and a second receiver has g.
set to 1. Generally, both receivers yield different errors. An
appropriate receiver 1s chosen to make a decision. Assuming,
that the least squared error when g, 1s 1 1s msel and when
g. 18 set to 1 18 mse,, the error associated with D, when g,
1s 1 1s msel and for D, 1s mse,/g.. Stmilarly, when g 1s 1,
the error associated with D, 1s mse,/g, while for D, 1s mse,.
Thus, the minimum error for D, is min(mse,, mse,/g,),
while the minimum error for D, is min(mse,/gs, mse,). The
first receiver 1s chosen for making decisions for D, if mse,
1s smaller than mse./g,, otherwise the second receiver 1is
chosen. Similarly, the first receiver 1s chosen for making
decisions about D, 1f mse,/g. 1s smaller than mse,, other-
wise the second receiver i1s chosen. The duel receiver
decoding approach may be preferred over single receiver
decoding and 1s accomplished by setting either g, or g to 1.
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Turning to FIG. 8, there 1s 1llustrated a combiner structure
for the R=2/3 code. Note that this code 1s not the only R=2/3
code for which cancellation of a single interferer 1s possible.
Any code of the form

t,=a,D,+a,D,,

t,=p.D;+p,D,, and

ts=y, D1 +y,Do,
wherein the ratios,

4]

4}

Bi

. and
f2

Y1

Y2 ’

may not be equal.

In other words, each coordinate t; must independently
convey some new 1nformation. All codes of this class are
preferably planar, producing two pairs of antipodal coordi-
nates. Preferred codes have minimized amplitude variations
among the coordinates (t,, t,, t;), while the power normal-
1zed minimum distance of the code 1s maximized. Such
codes are desirable because of low peak to average power as
well as good error performance.

In accordance with the foregoing, the illustrated R=2/3
code 1s preferably described by a,=1, a,=0, p,=0, B,=1,
v,=1, and y,=1. The power normalized squared minimum
distance 1s 6. There 1s a substantially infinite variation 1n the
ratio of the amplitudes since t;, for example, may assume
values {-2,0,2} if D, and D, assume values {-1,1}.

Consider a 2/5 linear combination code for suppressing
two 1nterferers, for example. A transmitted code word con-
sists of symbols D,, D,, D,, D,, D,+D,. Two 1nterfering
codewords are given by 1,,,1,,,1,,,1,,, I,,;+I,, and L,,, L,,
I,.,1,, and I,,+I,,, respectively. The received data symbols
are given by,

r,=a, D, +b,1,,+c,L,,
r,=a,D,+b,1,,+c,1, .,
ry=a;D;+bsl  +¢5l5 5,

r,=a,D.+b,I,,+c,1,,, and
rs=as(D+D,)+bs(11;+11,)+Cs(1,+155).
A suitable feed-forward linear combiner chooses coeffi-

cients such that the interferers are nulled. This 1s preferably
achieved with tap weights g, g,, g+, 2., and g, satisfying:

by 0 by 0O bsllgy] [0
ci O ¢33 0 c5|| & 0
0 by O by bs|lgs|=]0].
0 ¢ 0 ¢4 c5|| g4 0

ap 0 a3 0 asflgs| 1]

The resulting output 1s a linear combination of the desired
data symbols D, and D, and 1s given by

gsD1+g-/D5

wherein,

gs=0,a,+25a5+8525, and

g7=823,18424%8585-
The four linear combinations of data symbols are searched
to find the particular one that 1s closest to the output of the
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linear combiner. As before, the combiner coeflicients are
preferably determined using a training sequence and a least
square procedure.

Consider a general N/K linear combination code consist-
ing alternatively of K information symbols and N code
symbols, which can suppress up to (N-1)/K interferers.
Each interferer has K unknown information symbols.
Assuming that K divides (N-1) and that there are (N-1)/K
interferers, there are then (N-1) unknown interfering sym-
bols. N-1 linearly mdependent equations are needed in
terms of the unknowns to solve for all the interfering
symbols 1n terms of the received symbols and the desired
data symbols. All interfering symbols are substituted into the
N-th equation to yield an output which 1s a linear combi-
nation of the K desired data symbols alone.

As block length goes to infinity, one interferer may
suitably be suppressed with a code rate of R=1, two 1inter-
ferers may suitably be suppressed with a code rate of R=1/2,

three interferers may suitably be suppressed with a code rate
of R=1/3, etc.

The codes considered thus far have been linear combina-
tion codes, 1 turning to FIG. 9, attention is directed to
algebraic combination codes, wherein a trellis diagram of a
particular realization of an (8,4) extended Hamming Code 1s
illustrated. Consider decoding a transmitted codeword
which belongs to the upper half of the trellis for both a
desired data signal and an interfering signal. This code 1s an
(8,3) sub-code of the (8,4) Hamming code and can be
thought of as a concatenated code consisting of a R=1/2
inner code and a R=3/4 outer code as is 1llustrated 1n FIG.
10. This code may be used to suppress one interferer and
assist 1n control of Rayleigh fading. In other words, after
suppressing one interferer, communications remain reliable
even 1f fading results m incorrect decoding of the data
symbols by the linear combiner which suppresses interfer-
ence.

Let the 1th received signal be

r=ad+b,I+n,1=1, ..., 8
with
D=D,,, and I=L,,, j=1, 3, 5,7.

Combine r; and r,_, with coeflicients ¢.,; and o ,, 1=1,3,5,7
so that the output 1s substantially equal to D, 1 the absence
of noise, or more appropriately, close to D, in the presence
of noise. An exemplary linear combiner 1s illustrated FIG.
11. The outputs (y4, . . . ,¥,) of the linear code are processed
by the outer decoder. Preferably, the outer decoder computes
the squared Euclidean distance between (y,, . . . ,¥,) and
every possible outer codeword (c,, ¢, ¢35, ¢;) . The outer
codeword with the least distance 1s chosen as the transmitted
codeword and the corresponding information bits for the
decoded output.

The decoding of the (8,3) sub-code is extended to the (8,4)
Hamming Code using the trellis of FIG. 9. Note that on any
trellis branch, it 1s now possible for D =D_ ., or D.=-D
1=1,3,5,7. This holds for the interferer as well.

For example, assume I.=I 1=1,3,5,7. The received
symbols at time 1 and 1+1 are

I+1°
I+1>2

r=ad+bl+n. and
i1=8;,1d;, 1 +D
The coeflicients o, and o, are used to combine r; and r,_,

such that the interference 1s suppressed. The output,
however, 1s D. it D=D_._ , or k.D, 1f D.=-D_ , where k 15 a

I

complex constant that 1s found during an initial training
procedure. The decoder, 1=1,3,5,7 computes

I I;,1+0;, 4

I+1%1
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2
Z la;r + @i i1 — Dyl
i=13.5.7

if the codeword saftisfies D =D
codewords satistying D.=-D

.1, 1=1,3,577 and for the
1t computes

I+1°

2
Z \a;r; + airi ) — kidi|”.
i=13.5.7

The codeword with the minimum distance 1s the decoded

output.
Alternatively, assume that I.=—I
The received symbols are
r=a.D+bl+n.

and

wherein 1=1,3,5,7.

I+1°

Ii1=;, 1D 140 1L 140, 1

Assuming D.=-D. ., the receiver computes

2
Z @iy — a;rip — Dy|”.

1=1,3,57

When D=D._,, the receiver computes

2
Z \a;r; — o — K Ds|".
i=13.5.7

The minimum result of the results of the preceding equations
1s used to determine the decoded codeword and the corre-
sponding output of information bits.

To determine k,, a traimning sequence 1s used such that
D.=D. , for the desired data 1=1, 3, 5, 7, . . . ,N. For the
interfering signals, I=I. ,, 1=1, . . . N/2 and I=-1_,,
1=N/2+1, . . . ,N. Over the first N/2symbols, the receiver
computes o, and o, such that

>
Z lairy + @iy Figy j — Dl

1s minimized. For the remaining N/2 symbols, the receiver
determines k. such that

2
Z \@;r; — @i 1 Pl — K Dy
J=1

1s minimized. The training sequence length thus doubles.
The tramning sequence can therefore be allocated to the two
users following call set up.

Although the present invention and its advantages have
been described 1n detail, 1t should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention.

We claim:

1. An apparatus for decoding communication signals, said
apparatus comprising;

a receiver for receiving an input signal representing a
communication between a first node and a second node,
said 1nput signal including a desired data signal
encoded using one of a linear combination code and an
algebraic combination code, and one or more 1nterfer-
ing signals; and
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processing means for decoding said input signal to pro-
duce an output signal representing at least a portion of
said desired data signal, said processing means oper-
able to 1dentify at least a portion of said desired data
signal within said input signal and to 1solate said
desired data signal from said one or more interfering,
signals to produce said output signal.

2. The apparatus as set forth 1n claim 1 wherein said
desired data signal includes at least a first data set, and said
processing means 1s further operable to recognize said first
data sef.

3. The apparatus as set forth mn claim 2 wherein said
processing means 1s further operable to utilize said recog-
nized first data set to 1dentify said desired data signal within
said 1nput signal.

4. The apparatus as set forth in claim 1 wherein said
processing means 1s further operable to generate said output
signal.

5. The apparatus as set forth in claim 1 wherein said
processing means 1ncludes at least one processing unit.

6. The apparatus as set forth in claim 1 wherein said
apparatus 1s implemented 1n a telephony system.

7. An apparatus for decoding communication signals, said
apparatus comprising:

a receiver for receiving an input signal representing a
communication between a first node and a second node,
said input signal including a desired data signal
encoded using a combination code and one or more
interfering signals, said desired data signal including at
least a first data set which includes a training sequence;
and

processing means for decoding said input signal to pro-
duce an output signal representing at least a portion of
said desired data signal, said processing means oper-
able to 1dentify at least a portion of said desired data
signal within said mput signal, to recognize said first
data set, and to 1solate said desired data signal from said
one or more 1nterfering signals to produce said output
signal.

8. The apparatus as set forth in claim 7 wherein said
processing means 1s further operable to generate a plurality
of taps utilizing said training sequence.

9. The apparatus as set forth 1n claim 8 wherein said
processing means 1s further operable to utilize at least one of
said plurality of taps to isolate at least a portion of said
desired data signal from said one or more interfering signals.

10. The apparatus as set forth 1n claim 8 wherein at least
a portion of said input signal 1s affected by noise, and said
processing means 1s further operable to utilize at least one of
said plurality of taps to substantially eliminate the affect of
said noise and to 1solate said desired data signal from said
one or more 1nterfering signals.

11. A method for decoding communication signals, said
method comprising the steps of:

receving an input signal representing a communication
between a first node and a second node, said 1nput
signal 1including a first data set encoded using one of a
linear combination code or an algebraic combination
code, and a second data set;

identifying at least a portion of said first data set within
said mput signal;

suppressing said second data set with respect to said first
data set; and

producing an output signal representing said first data set.
12. The method as set forth 1n claim 11 wherein said first
data set includes at least a first data subset, and said method
further includes the step of recognizing said first data subset.
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13. The method as set forth in claim 12 wherein said
method further includes the step of utilizing said recognized
first data subset to 1dentify at least a portion of said first data

set within said input signal.
14. A method for decoding communication signals, said

method comprising the steps of:

receiving an input signal representing a communication
between a first node and a second node, said input
signal including a first data set encoded using a com-
bination code, a second data set, and a training
sequence;

identifying at least a portion of said first data set within
said mput signal;

recognizing said training sequence;

suppressing said second data set with respect to said first
data set; and

producing an output signal representing said first data set.

15. The method as set forth 1in claim 14 further comprising
the step of utilizing said recognized training sequence to
generate a plurality of taps.

16. The method as set forth 1n claim 15 further including
the step of using at least one of said plurality of taps to
suppress said second data set with respect to said first data
set.

17. The method as set forth 1n claim 15 wherein at least
a portion of said input signal 1s affected by noise, and said
method further includes the step of using ones of said
plurality of taps to substantially eliminate the affect of said
noise and to suppress said second data set with respect to
said first data set.

18. An apparatus for decoding communications signals,
said apparatus comprising:

an 1nput port operative to receive an mput signal repre-
senting a communication between a first node and a
second node, said 1nput signal including a desired data
signal encoded using a combination code and at least
one 1nterfering signal, said combination code imncluding
at least a training sequence;

a processor operative to recognize said training sequence,
to utilize said recognized training sequence to 1dentily
at least a portion of said desired data signal and to
generate a plurality of taps, and to utilize at least one of
said plurality of taps to i1solate at least said portion of
said desired data signal from said one or more inter-
fering data signals; and

an output port operative to produce an output signal
representing at least said portion of said 1solated
desired data signal.

19. The apparatus as set forth in claim 18 wherein said
input signal 1s affected by noise and said processor 1s further
operative to utilize at least one of said plurality of taps to
substantially eliminate the affect of said noise.

20. An apparatus for decoding communication signals,
said apparatus comprising:
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a receiver for receiving an imput signal representing a
communication between a first node and a second node,
said 1nput signal including a desired data signal
encoded using a combination code and one or more
interfering signals, wherein said input signal may be
received 1n one of a plurality of combination code
formats; and

processing means for decoding said input signal to pro-
duce an output signal representing at least a portion of
said desired data signal, said processing means oper-
able to 1dentify at least a portion of said desired data
signal within said nput signal, to determine in which
one of said plurality of formats said input signal is
received, and to 1solate said desired data signal from
said one or more interfering signals to produce said
output signal.

21. A method for decoding communication signals, said

method comprising the steps of:

receiving an input signal which may be received in one of
a plurality of combination code formats, said input
signal representing a communication between a first
node and a second node, said input signal including a
first data set encoded using a combination code which
1s one of said plurality of code formats and a second
data set;

identifying at least a portion of said first data set within
said mput signal;

recognizing 1n which one of said plurality of formats said
input signal 1s received;

suppressing said second data set with respect to said first
data set; and

producing an output signal representing said first data set.
22. An apparatus for decoding communication signals,
said apparatus comprising:

a receiver for receiving an input signal representing a
communication between a first node and a second node,
said 1nput signal including a desired data signal
encoded using a combination code and one or more
interfering signals,

processing means for decoding said mput signal to pro-
duce an output signal representing at least a portion of
said desired data signal, said processing means oper-
able to 1denfify at least a portion of said desired data
signal within said mnput signal and to isolate said
desired data signal from said one or more interfering
signals to produce said output signal; and

means for storing a plurality of processing system instruc-
tions for directing said processing means to decode said

input signal to produce said output signal.
23. The apparatus as set forth in claim 22 wherein said

processing means 1s further operable to retrieve and execute
selected ones of said processing system 1nstructions.
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